The first intron of the shrunken-1 (Shl) locus of maize was incorporated into constructs containing the chloramphenicol acetyltransferase gene (CAT) coupled with the nopaline synthase 3' polyadenylation signal. Transcription was driven with the 35S promoter of the cauliflower mosaic virus (CaMV) 
transferase; CaMV, cauliflower mosaic virus; Adhl, alcohol dehY'drogenase-]; bp, base pair; kb. kilobase pair; NOS, nopaline synthase. of 16 exons and is some 6 kb in length. A noteworthy feature of the Shl gene, as proposed by Werr et al. (26) , is the lack of protein coding information in the first exon. This is interesting in light of the hypothesis that introns are used in evolution as molecular handles to move about exons and thereby create new proteins (9) or, more frequently, to increase the rates of recombination within genes and thereby create new forms of existing proteins.
Another role for introns has also been demonstrated. It has been shown in mammalian systems (8, 13) , in SV40 (12) , and recently in plants (2, 22) that steady-state transcript levels and gene expression are increased by the presence of certain introns.
Previous studies have shown that the CaMV 35S promoter is 10-to 40-fold more effective than the NOS promoter in driving the expression of foreign genes introduced into plant cells (7, 16) . These studies also demonstrated that the CaMV 35S promoter was 10-to 100-fold less effective in grass cells than in dicotyledonous species such as petunia and carrot. In our attempts to obtain efficient expression of the introduced genes in grass cells, we have previously used promoters of the AdhJ, Adh2, and ShI genes of maize (15) . The Adh2 and Shl promoters gave no detectable expression in grass protoplasts, while the levels of expression obtained with the Adhl promoter were approximately 30% of the CaMV 35S promoter. In continuation of these studies, we now report that the incorporation of the first intron of Shl increases expression ofa reporter gene up to 9 1 -fold. The increase is 10-fold greater than that caused by the first intron of the AdhI gene of maize and is observed in protoplasts of a number of grasses.
MATERIALS AND METHODS Cell Lines, Protoplast Isolation, and Electroporation
Protoplasts were isolated from cell suspension cultures of Panicum maximum Jacq. (guineagrass), Pennisetum purpureum Schum. (napiergrass), and Zea mays L. (maize). Guineagrass protoplasts were isolated from cell line Pm85 as previously described (23) . Napiergrass protoplasts were isolated from cell line Pp86 (D Lu, IK Vasil, unpublished data) 5 d following subculture. The maize cell line Mpp was established from protoplast-derived callus of Zea mays Dekalb XL82 (25) , maintained on a 4 to 5 d subculture schedule and used for protoplast isolation 3 d after subculture.
The basic cell wall digesting enzyme solution contained 1% Cellulase Onozuka RS (Yakult Honsha) and 1% Pectinase (Serva). In addition, 0.5% Macerozyme Rl0 (Yakult Honsha) was added for napiergrass and 0.1% Pectolyase Y23 (Seishin) for maize. The enzymes were dissolved in Mes buffer (23) . Settled suspension culture cells (4-6 mL, 1.2-1.6 g fresh weight) were dispersed in 50 mL of enzyme and incubated on a gyrotory shaker (50-60 rpm) for 4-6 h at room temperature. The protoplasts were sieved, washed three times, and counted as previously described (24) . Protoplast density was adjusted to 4 to 5 x 106/mL. The same number of protoplasts was used in experiments comparing the two promoters and the effect of the inserted introns. Twenty ,uL of plasmid DNA (concentration of each plasmid construct was determined spectrophotometrically and adjusted to 1 ug/,tL with sterile TE) was added to 1 mL of protoplasts at room temperature. Electroporation was done over ice using a BRL Cell Porator with a single pulse of 200V and capacitance of 1180 uF. Protoplasts electroporated without plasmid DNA served as negative controls. Electroporated protoplasts were cultured according to methods described by Vasil et al. (23) .
All experiments were repeated at least once and each treatment had at least one replicate sample within the same experiment. To accurately compare the level of gene expression between different plasmid constructs in one experiment, protoplasts from a single batch were used.
DNA Construction
All gene constructions were cloned in the Escherichia coli plasmid vector pUC 19. Correct joining and orientation of the gene elements was confirmed by DNA sequencing and/or restriction analysis.
The reporter sequence used was the generous gift of H. Klee and C. Gasser and consisted of the CAT coding region and NOS 3' polyadenylation signal (19; H Klee, unpublished data). The Shl promoter fragment has been previously described (15) . The promoter, 5' flanking region, transcription start site, and 5' untranslated leader sequences to +42 in exon 1 (26) were contained in the approximately 2 kb HinclI fragment of the Shl clone. A modified CaMV 35S promoter containing a duplicated enhancer region was the gift of C. Gasser and H. Klee. Construction of this modified 35S promoter was similar to one described elsewhere (17) .
The Shl first intron was excised from the clone p17.6 (28) with HinclI and partial TaqI digestion. The 1028 bp intron with short flanking exon sequences was inserted in the 5' untranslated region between the promoter and the CAT/NOS cassette. Constructions were made with the 35S and Shl promoters and the Shl intron fragment was cloned in both the normal and inverted orientations.
The first intron of Adhl has been described (4), and examined for its effect on gene expression (2 
Determination of CAT Activity
Approximately 48 h after electroporation, protoplasts/cells were collected by centrifugation and frozen at -70°C. Total cellular protein was determined by the Bio-Rad Protein Assay and equal amounts of protein were generally used within a single experiment. To keep the CAT assay in the range of enzyme activity where no diacetylated product was formed, it was necessary to use lower amounts of protein in the assays of some maize cell extracts. A nonlinear correction factor determined from a CAT activity standard curve of protein amounts assayed was used to adjust CAT activities for the other cell extracts in the same experiment. CAT activity was determined from protoplast/cell extracts (heated at 60°C for 10 min to inactivate any plant derived background) according to Gorman et al. (11) , using '4C-chloramphenicol (0.3 ,uCi, New England Nuclear) and acetyl-CoA (20 ,uL from a solution of 10 mg/mL; Sigma) as substrates. Radioactive spots of chloramphenicol and its monoacetylated products were visualized from the TLC plates by autoradiography (x-ray film exposed 24 h) and quantitated by liquid scintillation counting to determine the percentage of acetylated chloramphenicol. Correction for background was made by counting a scraped area of the TLC plate showing no signal on the autoradiograph. CAT activity is expressed as the percentage of acetylated chloramphenicol.
RESULTS
All plasmid constructs used contained the CAT gene coupled to the NOS 3' polyadenylation signal. Two promoters, ShI of maize and CaMV 35S, were monitored for their ability to promote transcription of the CAT gene. In addition, the first intron of the Shl locus and of the Adhl locus of maize were incorporated into the constructs between the promoter and the CAT coding region to determine if the expression of the CAT gene could be increased.
The plasmid constructs used are given in Figure 1 . Protoplasts of Panicum maximum were electroporated with constructs 1 through 5 and 8 of Figure 1 . CAT activity was detected with all constructs except pShIrSCN and p35SIrSCN. These constructs contain the Shl first intron in the reverse orientation relative to the direction of transcription. The experiment was repeated with those plasmid constructs that showed positive CAT activity. Data (Table I) and 36-and 50-fold (Table II) were observed in maize. In contrast, the stimulation with the Shl promoter was quite variable; 5.4 to 58-fold in P. maximum and 1-to 172-fold in maize.
Because previous work showed that the first intron ofAdhl increased gene activity (2), we synthesized 35S-CAT constructs containing this intron in both orientations (entry 6 
CY) an .3*. * .. 
